The electronic structure of Mn in the diluted magnetic semiconductor ͑Ga,Mn͒As was studied by means of electronic and spin-flip Raman scattering. The Mn ion was found to manifest itself in three different electronic configurations: ͑i͒ neutral Mn acceptor, i.e., Mn 3d 5 inner-shell electrons with a weakly bound valence band hole, ͑ii͒ ionized Mn acceptor, i.e., 3d 5 state, and ͑iii͒ neutral Mn in the 3d 4 electronic configuration. The latter state undergoes a crystal-field splitting and a Jahn-Teller effect. The energy separation between the optical dipole active sublevels of the 5 T 2 ground state is directly measured in the dynamic Jahn-Teller-effect regime. The Mn 3d 4 state is assumed to play an important role for the ferromagnetism observed in diluted ͑Ga,Mn͒As.
I. INTRODUCTION
For many years, Mn-containing diluted magnetic semiconductors ͑DMS's͒ based on II-VI compounds have been the subject of intense fundamental studies because of the strong exchange interaction between the half filled 3d shell of the Mn 2ϩ ions (S d ϭ5/2) and the charge carriers. 1 Recently, the interest for DMS's has been renewed because of their unique magnetic properties which make them interesting for semiconductor spin devices. This interest has stimulated the study of not only the traditional II-VI DMS's, but also of DMS's based on III-V compounds. The recent progress in growth techniques made cubic ͑Ga,Mn͒As available, and the discovery ot its ferromagnetism made this material attractive for fundamental studies as well as for applications in devices based on spin-related phenomena. 2, 3 The origin of ferromagnetism in diluted ͑Ga,Mn͒As is not yet well understood, as illustrated by the large number of recent publications devoted to theoretical investigations of this problem. The attempts to explain the ferromagnetic behavior in ͑Ga,Mn͒As have used the following approaches: hole-mediated Ruderman-Kittel-Kasuya-Yoshida ͑RKKY͒ type interaction between local Mn moments, 2,4 -6 Zener model, 6 virtual electron excitation from the magnetic impurity to the valence band, 7 Korringa-Kohn-Rostoker coherentpotential and local-density-approximation calculations, 4 as well as double-resonance mechanism, i.e., intra-atomic ferromagnetic exchange interaction between spins in resonant and localized states. 8 Most of these approaches are based on the assumption that, in the diluted regime, Mn enters GaAs in the same 3d 5 ϩh or 3d 5 electronic configuration as in the doping regime. [9] [10] [11] [12] [13] [14] [15] On the other hand, a ferromagnetic ionion (3d 4 -3d 5 ) coupling has been predicted for mixedvalence DMS's. 16 A Müliken population analysis showed that the configuration of Mn in GaAs is compatible with either the 3d 5 or the 3d 6 configuration with noninteger occupation. 17 To fully understand the origin of ferromagnetism in ͑Ga,Mn͒As it is necessary to clarify the electronic configuration in which Mn enters GaAs in the diluted regime.
In this paper, we study in detail the electronic and spinflip Raman scattering ͑SFRS͒ of Ga 1Ϫx Mn x As with x ϭ0.006-0.08. The transition from the doping to the diluted regime is found to be accompanied by dramatic changes in the Mn electronic structure. Our Raman-scattering investigations studies indicate that, in the diluted regime, Mn enters GaAs not only in the 3d 5 ϩh and 3d 5 configurations but also in the 3d 4 state ͑i.e., a valence-band hole enters the d shell of the Mn ion͒. We assume that Mn ions in the 3d 4 electronic configuration are relevant to the origin of ferromagnetism in diluted ͑Ga,Mn͒As.
II. SAMPLES AND EXPERIMENTAL SETUP
The samples for the present study were grown by molecular-beam epitaxy on GaAs͑001͒ substrates ͑semi-insulating, Si, or Zn doped͒. Prior to ͑Ga,Mn͒As deposition, a GaAs buffer layer was grown at 600°C. The substrate was then cooled to 250-300°C for the growth of 500-1000 nm of ͑Ga,Mn͒As. The growth rate was typically 4 -10 nm/min and the As 4 /Ga beam-equivalent-pressure ͑BEP͒ ratio was 25-50. Two groups of Ga 1Ϫx Mn x As samples have been studied, the Mn concentration being obtained from the lattice constant of the ͑Ga,Mn͒As layer determined by highresolution x-ray diffraction. 18 The samples of group A have a Mn content of xр0.012. In the samples of group B the Mn content is in the range 0.02Ͻxр0.08. Superconducting quantum interference device ͑SQUID͒ measurements were carried out in the temperature range 5-400 K to investigate the macroscopic magnetic properties of the samples and to confirm the absence of MnAs nanoclusters.
For excitation of spin-flip and electronic Raman scattering excitation we used the lines of Ar-and Kr-ion lasers, as well as a tunable Ti:saphier laser pumped by an Ar-ion laser. The laser power densities focused on the sample were in the range from 5 to 50 Wcm Ϫ2 . The Raman light was dispersed in a DILOR spectrograph and detected by a charge-coupled device ͑CCD͒ array. The experiments were carried out in the temperature range 4 -200 K, in a continuous He-flow cryostat, and in magnetic fields up to 14 T, either in the backscattering Faraday or Voigt geometry. In Faraday geometry, the Raman spectra were recorded in z(x,y)z or z(x,x)z configuration, with z and z being perpendicular to the sample surface, and the linear polarization of the incident ͑x͒ and scattered (x or y) light parallel to the ͓001͔ or ͓011͔ crystal axis. In Voigt geometry, we used the configuration z(,)z or z(,)z, with z and z perpendicular to the sample surface and to the magnetic field B, and or denoting the linear polarizations of the incident ( or ) and scattered () light with the electric-field vector of the light perpendicular () or parallel () to B, which is parallel to the ͓001͔ or ͓011͔ crystal axis.
III. RESULTS AND DISCUSSION
The samples of group A, with low Mn content, show extremely weak near-band-gap photoluminescence ͑PL͒ due to the recombination of photoexcited free electrons with holes bound to neutral Mn acceptors (eϪA 0 ); the PL band is centered at 1.411 eV. 19 In these samples, we did not detect any PL line related to the recombination of excitons bound to neutral Mn acceptors (A 0 X). 13, 15 In the samples of group B, with Mn content 0.02Ͻxр0.08, we did not detect any nearband-gap PL. The Raman spectra of the group-A samples show, under resonance excitation at the E 0 ϩ⌬ 0 gap, 20 a strongly polarized 2⌬ d-h line, with a half width at half maximum ͑HWHM͒ of ␦ϭ24 cm Ϫ1 , detected only in the z(x,y)z configuration. The 2⌬ dϪh line was also detected in Mn-doped GaAs samples with N Mn ϳ0.7-3.5ϫ10 18 cm Ϫ3 . Figure 1 shows Raman spectra of a diluted ͑Ga,Mn͒As sample, recorded in z(x,y)z configuration, with xʈ͓001͔, under zero magnetic field at two temperatures Tϭ4 K and Tϭ125 K ͑spectra 1 and 4, respectively͒. With increasing temperature, the broad asymmetric ͑long high-energy tail͒ 2⌬ d-h line, centered at 35 cm Ϫ1 at Tϭ4 K, shifts to higher energy. At T ϭ200 K it is centered at 51 cm Ϫ1 . The intensity of the 2⌬ ͑neutral Mn acceptor͒ complex from the Fϭ1 to the Fϭ2 state ͑see the inset in Fig. 1͒ . As shown in Refs. 9-11 and 13-15, the Fϭ1 ground state is obtained via antiferromagnetic exchange interaction of Mn 3d 5 electrons (S d ϭ5/2) and valence-band holes (J h ϭ3/2). The energy of the 2⌬ d-h line is directly related to the antiferromagnetic exchange constant. In Mn-doped GaAs, the acceptor ground state consists of Mn 3d 5 electrons weakly bound to a valence-band hole, so that the valence-band hole does not enter the Mn 3d shell. We assume that the strong nonuniform asymmetric broadening of the 2⌬ d-h line, observed in diluted ͑Ga, Mn͒As, is correlated with an increased p-d exchange energy in the diluted regime. This assumption is supported by the temperature dependence of the 2⌬ d-h line position. The energy of the 2⌬ d-h line maximum increases linearly with temperature in the range 4 -150 K ͑with a rate of 0.1 cm Ϫ1 /K) and the line becomes asymmetric on the low-energy side at high temperatures ͑see spectrum 2 in Fig. 1͒ . Further temperature increase leads only to an intensity decrease of the 2⌬ d-h line. The dependence of the 2⌬ d-h line energy on temperature can be explained as follows. A temperature increase leads first to a depopulation of the Fϭ1 ground state of the neutral Mn acceptors with the smallest exchange ͑i.e., binding͒ energy. The maximum position at higher temperatures is determined by complexes with larger binding energy. In ͑Ga,Mn͒As compensated by deep donors, such as As antisites known to be present in low-temperature-grown GaAs, 23 these complexes can be a hole bound to two ͑or a few͒ neighboring Mn ions.
The intensity of the 2⌬ d-h line was found to depend strongly on the Mn content. Figure 1 shows low-temperature Raman spectra of the 2⌬ d-h line recorded from sample A2 ͑spectrum 1͒ and two different samples B1 ͑spectrum 2͒ and B2 ͑spectrum 3͒ of group B ͑see Table I͒. The intensity of the 2⌬ d-h line was found to decrease with increasing Mn content, and to totally disappear in the sample with a Mn content of about 6%. We correlate the disappearance of the 2⌬ d-h line with increasing Mn content with the formation of an impurity band. In uncompensated ͑Ga,Mn͒As this occurs for xу0.015, when the average distance between neighboring neutral Mn acceptors becomes comparable to their Bohr radius of 8 -10 Å.
The line labeled ⌬ ? in Fig. 1 was detected for crossed linear polarizations only in samples with xр0.015. The origin of this line is not yet clear. We believe that it might be related to an impurity-induced one-phonon scattering.
In a magnetic field, we observed the strongly polarized ⌬ d line with a magnetic-field-dependent Raman shift which can be be represented as was detected only in Raman spectra measured in the z(,)z Voigt configuration, as displayed in Fig. 2͑a͒ , and only at temperatures above 50 K ͑see solid squares in Fig. 3͒ . 
9-15 The temperature increase leads to thermal activation of the holes from the bound to the excited state, presumably to the impurity band, and the ionized Mn acceptors (A Ϫ ) give rise to the SFRS process with transitions within the Mn d inner shell. We have estimated the activation energy of the holes to be 0 ϳ4 meV.
B. Raman scattering involving Mn in 3d 4 electronic configuration
For resonance excitation at the E 0 gap, 20 in zero magnetic field and at temperatures Tу90 K, we detected a crossedpolarized ⌬ 2 Raman line at 23 cm Ϫ1 . Corresponding Raman spectra are shown in Fig. 2͑a͒ for the z(,)z Voigt configuration and Fig. 2͑b͒ for the z(x,y)z Faraday configuration. This line was found to be absent at low temperatures and to appear abruptly at Tϳ90 K ͑see solid triangles in Fig.  3͒ . The intensity of this line was found to increase with temperature up to Tϳ160-180 K. A further increase of temperature leads to a slow decrease of its intensity. The line was found not to be sensitive to the magnetic field, i.e., no shift or splitting of this line in a magnetic field was observed, neither in Faraday nor in Voigt geometry. In contrast to the Raman lines discussed above, the ⌬ 2 line was observed only in the diluted regime for all samples of groups A and B, but not in Mn-doped GaAs. A similar line observed in II-VI DMS, ͑Ref. 21͒ with a magnetic-field-independent Raman shift, was correlated to transitions between the ground ͉Fϭ0,m F ϭ0͘ and firstexcited ͉Fϭ1,m F ϭ0͘ states of antiferromagnetically coupled Mn ions. If the line ⌬ 2 ϭ23 cm Ϫ1 , detected in diluted ͑Ga,Mn͒As, were attributed to this transitions, then at high temperatures ͓in the case of diluted ͑Ga,Mn͒As for T у90 K] one would expect to find a Raman line corresponding to transitions between the next excited states, i.e., between ͉Fϭ1,m F ϭ0͘ and ͉Fϭ2,m F ϭ0͘, with energy separation 46 cm Ϫ1 . No line was observed at this energy in any of the diluted ͑Ga,Mn͒As samples studied. The polarization properties of the ⌬ 2 line ͓observed in the z(x,y)z configuration͔ are also in contradiction with this model predicting an unpolarized character of the ͉Fϭ0,m F ϭ0͘ to ͉Fϭ1,m F ϭ0͘ transition. Hence we exclude this model for the explanation of the ⌬ 2 line.
The origin of the ⌬ 2 line can be explained by assuming that, in diluted ͑Ga,Mn͒As, Mn reveals itself not only in the 3d 5 but also in the 3d 4 electronic configuration. In the latter state, a valence-band hole enters the Mn 3d 5 core shell, resulting in the 3d 4 configuration. The free-ion 3d 4 ground state is 5 D similar to Cr in II-VI compounds or in GaAs as well as to Mn in GaP. 24 -26 The crystal field of tetrahedral symmetry splits this state into a 5 E orbital doublet and a 5 T 2 orbital triplet, the latter being the ground state. The first-and second-order spin-orbit coupling will further split the degeneracies of the spin orbitals. The corresponding energy-level scheme is depicted in the inset of Fig. 2͑b͒ . According to a calculation in Ref. 10 , the ⌫ 4 and ⌫ 5 triplet states are estimated to lie 13 and 23 cm Ϫ1 above the ⌫ 1 singlet state. Transitions from the ground ⌫ 1 to the ⌫ 4 and ⌫ 5 states ͓ar-rows up in the inset of Fig. 2͑b͔͒ are allowed in the optic magnetic dipole and electric dipole approximations, respectively. 27 Furthermore, Raman transitions between ⌫ 1 and ⌫ 5 states are allowed by symmetry selection rules only for the z(x,y)z configuration. 28 Consequently, we attribute the ⌬ 2 Raman line detected at 23 cm Ϫ1 in crossed polarizations to transitions between the ⌫ 1 ground state and the ⌫ 5 excited state. The magnetic-field dependence of the ⌬ 2 line agrees with this assignment. In a magnetic field, we expect a splitting of this line into three components, due to Zeeman splitting of the ⌫ 5 state. However, only transitions between states with ⌬mϭ0 are allowed. This electronic configuration of the Mn ion is also valid if we take into account a dynamic Jahn-Teller effect, since such an effect quenches the firstorder but not the second-order spin-orbit interaction. 29 The static tetragonal T ⑀ Jahn-Teller distortion reduces the symmetry to D 2d , and thus lifts the degeneracy of the 5 T 2 ground state, leaving an orbital singlet 5 B 2 lowest state with spin Sϭ2. The first-and second-order spin-orbit coupling splits 5 B 2 in three sublevels (⌫ 1 ⌫ 2 , ⌫ 4 , and ⌫ 5 ).
Only the optic magnetic dipole transitions ⌫ 5 →⌫ 4 and ⌫ 1 ⌫ 2 →⌫ 5 are allowed which could explain the observed disappearance of the ⌬ 2 line at low temperature. The static Jahn-Teller effect manifests itself typically in anisotropic electronic paramagnetic resonances ͑EPR's͒ in the lowtemperature range, TӍ10-30 K, both in Cr-doped GaAs and in II-VI compounds. 24, 25 At slightly higher temperatures, the EPR spectrum exhibits isotropic behavior, due to the dynamic Jahn-Teller effect which averages the anisotropic lowtemperature spectra. 29 As mentioned above, our assignment of the ⌬ 2 line would still be valid if we assume such a dynamic Jahn-Teller effect in diluted ͑Ga,Mn͒As. 29 Thus the temperature behavior of the ⌬ 2 Raman line observed in diluted ͑Ga,Mn͒As can be explained by a model assuming a transition from the static ͑low temperature͒ to the dynamic (Tу90 K) Jahn-Teller effect. In diluted ͑Ga,Mn͒As, this transition is accompanied by changes of the selection rules, resulting in the activation of the ⌬ 2 Raman line. The disappearance of the ⌬ 2 Raman line at low temperatures can also be explained within this model. At low temperatures, the ground state of Mn ions in 3d 4 configuration is modified by the exchange interaction with neighboring ions, either in 3d 4 or 3d 5 electronic state ͑see below͒. The observation of the ⌬ 2 Raman line in ͑Ga,Mn͒As DMS's indicates that, in the diluted regime, Mn enters GaAs in 3d 4 electronic configuration. This finding can explain the origin of ferromagnetism in diluted ͑Ga,Mn͒As. In view of this Mn-ion configuration, the ferromagnetism can occur either via the kinetic p-d exchange or the double-resonance mechanism. The former was proposed to explain the ferromagnetism in Cr-based II-VI DMS's. [30] [31] [32] Since Mn 3ϩ ions ͑i.e., 3d 4 electronic configuration͒ in Mn-based III-V DMS's are similar to Cr 2ϩ ions in Cr-based II-VI DMS's ͑i.e., triplet ground state͒, the model of kinetic exchange interaction can be applied to our case. This model predicts a hybridizationinduced valence-band hole/ion interaction via orbital coupling, in addition to the usual spin-spin coupling. 33 The former term makes the kinetic exchange interaction ͑for Mn 3ϩ and Cr 2ϩ ions͒ sensitive to the Jahn-Teller effect. The double-resonance mechanism, proposed to explain the ferromagnetism in mixed-valence manganites of perovskite structure, 34, 35 assumes exchange interaction between pairs of Mn ions in different electronic configurations ͑e.g., 3d
5 -3d 4 pairs͒. According to this model, one extra d electron jumps virtually from one ion to the other via the p orbital of neighboring anions. A similar model has recently been developed to explain the magnetic properties of mixed Mn 2ϩ -Mn 3ϩ III-V DMS's. 16 This model can thus also be applied to our case because of the coexistence of Mn ions in both electronic configurations.
Our Raman scattering study shows that in diluted ͑Ga,Mn͒As, Mn enters GaAs in three different electronic configurations. First, there are neutral Mn acceptors, with strong antiferromagnetic interaction between the Mn 3d 5 inner-shell electrons and weakly bound valence-band holes. [9] [10] [11] [12] [13] [14] [15] The number of isolated neutral Mn acceptors decreases with increasing Mn content, due to the formation of an impurity band. Second, there are ionized Mn acceptors in the 3d 5 electronic state. With increasing number of ionized Mn acceptors, the importance of the ion-ion (3d 5 -3d 5 ) exchange interaction-which is antiferromagnetic in nature in all known II-VI DMS's ͑Ref. 36͒-is enhanced. Third, there are Mn ions in the 3d 4 configuration, which can give rise to ferromagnetism via kinetic or double-resonance exchange interaction, as discussed above.
Competition between the ferromagnetic and antiferromagnetic exchange interactions determines the magnetic properties of diluted ͑Ga,Mn͒As. The data summarized in Table I The Raman spectrum of this sample ͑see spectrum 2 in Fig.  1͒ shows the presence of the 2⌬ d-h line, which is typical for Mn-doped GaAs and diluted ͑Ga,Mn͒As with xϳ0.01. We believe that the paramagnetic behavior of sample B1 is due to dominant neutral Mn acceptors, or complexes in which a hole is bound to two neighboring Mn ions. Formation of this latter complex is more probable in samples with high Mn content and strong compensation by deep donors, such as As Ga antisites. In sample B2, which shows ferromagnetic behavior (T C ϳ30 K), neutral Mn acceptors or complexes where a hole is bound to two Mn ions were not detected ͑see spectrum 3 in Fig. 1͒ . We believe that Mn ions in 3d 4 electronic configuration are relevant to the origin of ferromagnetism in diluted ͑Ga,Mn͒As. In contrast, neutral Mn acceptors ͑or complexes in which a hole is bound to a few Mn ions͒ as well as pairs of Mn ions contribute to produce a paramagnetic behavior.
Evidence for the type of ferromagnetic exchange interaction ͑either kinetic or double-resonance exchange interaction͒ related to the Mn 3d 4 state could be gained from infrared spectroscopy and EPR analysis.
IV. CONCLUSIONS
We have studied the electronic structure of Mn ions in diluted Ga 1Ϫx Mn x As by electronic and spin-flip Raman scattering. Depending on temperature and Mn content x, three different electronic configurations have been identified.
Mn 3d 5 ions with a weakly bound valence-band hole (A 0 complex͒ and ionized Mn acceptors in 3d 5 configuration were observed for Mn contents of xр0.04 and 0.006рx р0.08, respectively. Specifically for diluted material, Mn in the 3d 4 configuration has been identified at temperatures T у90 K and for Mn contents 0.006рxр0.08. The 3d 4 state undergoes a static ͑low-temperature͒ or dynamic (T у90 K) Jahn-Teller effect. The energy separation between the lowest singlet and triplet sublevels of the 5 T 2 ground state has been measured to be ⌬ 2 ϭ23 cm Ϫ1 . We believe that Mn ions in the 3d 4 electronic configuration are relevant for the origin of ferromagnetism in diluted ͑Ga,Mn͒As semiconductors.
